INTRODUCTION
It is becoming increasingly apparent that the surface on which cells are cultured in vitro is an important factor in their adherence and subsequent growth. Most in vitro health science studies rely on cell culture methodologies to carry out investigations of eventual clinical importance (i.e., biopharmaceuticals intended for therapies or biomaterials designed for medical devices). For example, culturing cells such as monocytederived macrophages (MDMs) has become very important to studies on inflammatory responses, particularly when investigating the foreign body reaction to various biomaterials. Previous studies have shown that material surface chemistry can modulate MDM behavior, including cell spreading, fusion to foreign body giant cells (FBGCs), and degradative capabilities (1).
Tissue culture polystyrene (TCPS) is the most commonly used in vitro cell culture surface (2, 3) , and polydimethylsiloxane (PDMS) has been used as a primary reference material for the evaluation of new biomaterials (4). However, very few studies have fully characterized basic cell functions that may be affected by these standard control surface chemistries as they evaluate parameters of interest between test substances and cells in culture (5) (6) (7) , thereby justifying the importance for a study of this nature.
Research activity in the area of tissue regeneration is quickly gaining interest. Many of the early screening studies for biomaterials used in tissue engineering or wound repair are first tested on TCPS or PDMS culture ware or enclosures. This raises the question: what perturbations in cell response are introduced as a result of these artificial substrates, and do they contribute to conclusions regarding new test materials? For example, a significant influence of cell culture vessels on the assessment of degradable polyurethanes developed in the biomaterials field was reported in a recent study with degradable polycarbonate-based polyurethanes (PCNUs) with identification of products [such as methylene dianiline (MDA) and butanediol (BD)] that could confound the results (8) . Given the importance of products in cell response during polyurethane biodegradation demonstrated by a previous study (9) , nondegradable polymers have been and will continue to be used for the study of baseline cellular responses to various exogenous stimuli.
Previously, studies have shown that degradable PCNUs adversely influenced MDM morphology and function (10) . Based on those results, it was of interest to compare the effect of two nondegradable surfaces (TCPS and PDMS), which could be used during in vitro testing of biodegradable polymers using the same parameters. In this study, the functional responses of differentiated U937 cells, previously established as a reproducible cell model for studying cell-material interaction (11), were measured in terms of esterase and acid phosphatase (AP) activity as well as protein levels and de novo proteins released. In addition, the relative values of the above three degradable materials were compared with the response of the nondegradable standard control surfaces.
MATERIALS AND METHODS
Unless otherwise specified, all reagents were purchased from SigmaAldrich Canada Ltd. (Oakville, ON, Canada).
Preparation of Material Surfaces
The three model PCNUs used in this study were synthesized as described previously either with hexane diisocyanate (HDI) or 4,4′-methylene bis phenyl diisocyanate (MDI); a 1,6-hexyl polycarbonate diol soft segment (PCN); and a 1,4-BD chain extender in stoichiometric ratios of either 4:3:1 or 3:2:1 (12 
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with BD as a method to assess biodegradation for HDI321 and MDI321, whereas HDI431 had the radiolabel ( 14 C) incorporated into the HDI moiety. Previously it was shown that the position of the radiolabel did not affect the amount of degradation (13) .
The PCNUs were dissolved overnight in a 10% dimethylacetamide solution (w/v), filtered (0.45-μm Teflon ® filter; Chromatographic Specialties, Toronto, ON, Canada), and then coated as a thin layer onto 15-mm diameter glass coverslips (Fisher Scientific Ltd., Ottawa, ON, Canada) under sterile conditions as previously described (9) .
U937 Cell Line
U937 cells were maintained and differentiated for 72 h with phorbol myristate acetate (PMA; 1 × 10 -7 M) as previously described (11) . After the differentiation period, the medium was replaced in each well, and the cells were mechanically disrupted prior to reseeding at a density of 1.0 × 10 6 cells/ well on TCPS coverslips (Sarstedt, Newton, NC, USA), medical grade PDMS films (0.01" thick, Specialty Manufacturing, Saginaw, MI, USA), or coverslips coated with HDI431, HDI321, or MDI321 in 24-well tissue culture plates. After an incubation period of 1 h, the growth medium was replaced to eliminate any nonadherent cells, and the cell material interaction was continued for 48 h.
Biodegradation Assays
All biodegradation assays, as measured by radiolabel release, were carried out in standard 24-well tissue culture plates as previously described (11), where a 14 C-labeled PCNU-coated glass slip covered the bottom surface of each well. The cell supernatant was removed 48 h postadherence, and 600 μL contents of each well were added to 10 mL FORMULA-989 liquid scintillation cocktail (PerkinElmer, Waltham, MA, USA) and counted in a liquid scintillation counter (1219 RackBeta; LKB Wallac, Gaithersburg, MD, USA).
Determination of DNA
After removing the conditioned media from the wells, adherent cells were lysed, and the amount of DNA was determined for an aliquot of cell lysate using a modified fluorimetric assay with Hoechst dye no. 33258 (Fisher Scientific) and read in a fluorescence microplate reader (POLARstar Galaxy; BMG LABTECH, Durham, NC, USA) as described previously (10) . The amount of DNA per well correlated to the number of attached viable cells as measured using trypan blue exclusion (data not shown). Since the measurement of DNA could be related to the number of viable adherent cells, all experimental parameters, including radiolabel release and enzyme activities, were normalized to a standard amount of DNA (10 μg).
Assay of Esterase and Acid Phosphatase Activity
After the 48-h incubation period, the cell supernatant and lysate of adherent U937 cells were assayed for esterase and AP activity using the substrates pnitrophenylbutyrate (PNB) and p-nitrophenylphosphate (PNP), respectively. One unit of activity was defined as the release of 1 nmol p-nitrophenol (Σ = 16,300 cm -1 M -1 )/min at 37°C at pH 7.0 and 400.6 nm (PNB) (11) or 410 nm (PNP) (14) as described previously.
Polyacrylamide Gel Electrophoresis and Immunoblotting
Protein in the cell lysates was loaded according to a standard amount of DNA for immunoblotting purposes and separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) using a Mini PROTEAN ® II electrophoresis module (Bio-Rad Laboratories, Mississauga, ON, Canada) on a 12% polyacrylamide gel (acrylamide:N,N′-methylene bisacrylamide, ratio of 29:1) and incubated with the appropriate antibodies as previously described (11, 14) . Protein bands were then visualized with an enhanced chemiluminescence detection system and recorded on CL-XPosure X-ray film (Pierce, Rockford, IL, USA). Densitometry analysis of bands in the X-ray film was quantified with Quantity One ® software, version 4.1 (Bio-Rad Laboratories). 
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Protein Synthesis
Active protein synthesis was investigated by labeling the pool of intracellular methionine with 35 S-labeled methionine ( 35 S-met) as previously described (10, 11) . Both the conditioned radioactive medium and the cell lysates were analyzed by electrophoresis and phosphorimaging. The protein profile on the SDS-PAGE gels was visualized through silver staining using the Silver Stain Plus™ kit (Bio-Rad Laboratories), dried, and exposed to a Kodak Imaging Screen-K (Bio-Rad Laboratories) for 24-48 h, and the image was analyzed on a Personal Molecular Imager FX™ system (Bio-Rad Laboratories). The bands in the phosphorimage scan were quantified using Quantity One software, version 4.1.
Statistical Analysis
The effect of reseeding material on the various functional parameters of U937 cells was analyzed by a one-way analysis of variance (ANOVA), and the significance was stated for P < 0.05. All analyses were performed using SAS ® version 8.2 (SAS Institute, Cary, NC, USA).
RESULTS AND DISCUSSION
This study has shown that TCPS and PDMS, two materials often not considered to influence cells in culture, may not be appropriate for use as reference surfaces when testing drugs and biomaterials. Investigations of TCPS and PDMS materials were of interest for two reasons: (i) to determine how the U937 cells functionally responded to these inert surfaces in widespread use for cell culture, often referred to as standards or controls; and (ii) to compare these responses to degradable PCNUs where product formation may be a confounding effect.
Since it has been shown that the differentiation surface alters MDM function following reseeding (9), the U937 cells were differentiated on only one surface, TCPS, prior to comparing the five surfaces postdifferentiation. In the current study, U937 cells showed no significant difference in surface attachment preference, with DNA values at 1 h ranging from 5.94 ± 0.511 to 7.82 ± 0.39 μg DNA/well for PDMS and HDI431, respectively. Moreover, there was no change in DNA per well during the 48-h culture period (5.54 ± 0.30 to 7.52 ± 0.23 μg DNA/well for PDMS and HDI431, respectively). It is well-documented that cells, especially monocytes and MDM, attach firmly to TCPS. Although PDMS has previously been shown to be a nonadhesive surface in the absence of a protein coating, no significant difference in cell attachment to PDMS (6.92 ± 0.509 μg DNA/well) or PDMS coated with 2 μg fibronectin (7.28 ± 0.113 μg DNA/well) was found (Matheson and Labow, unpublished data). Moreover, another study showed that MDM adhesion was unaffected by different substrate polyurethane materials that had PDMS incorporated into the soft segment (15) . It is possible that MDMs have the ability to adhere strongly to widely different types of surface chemistry, since the physiological role of MDM in vivo is to attach to phagocytose and clear away debris.
As was found previously with MDM (16), HDI431 (1627 ± 86 CPM/10 μg DNA) was significantly more degradable than HDI321 (741 ± 53 /10 μg) or MDI321 (689 ± 45/10 μg; P < 0.001) as measured by the level of radiolabel released in the supernatant after 48 h incubation with PMAtreated U937 cells. A similar pattern was observed for intracellular esterase ( Figure 1A ) and released esterase activities ( Figure 1B) , with HDI431 eliciting the highest released esterase activity from the adherent cells on the three PCNUs ( Figure 1B ; P < 0.001). However, TCPS induced the most intracellular esterase activity from U937 cells when compared with the other four surfaces ( Figure 1A ; P < 0.001). In addition, the esterase activity released from cells on TCPS and HDI431 was statistically higher than the esterase released from cells on PDMS ( Figure  1B ; P < 0.05). On the other hand, released AP activity was greatest on PDMS when compared with the other four surfaces ( Figure 1B ; P < 0.001), although there was no difference in the intracellular AP activity between the five surfaces ( Figure 1A) . The banding intensities were quantified and expressed as a percentage (± sem) relative to TCPS, which was set at 100% (line). *, denotes statistical significance greater than four other surfaces; HDI, hexane diisocyanate; MDI, 4,4′-methylene bis phenyl diisocyanate.
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Immunoblotting for monocytespecific esterase (MSE), cholesteryl esterase (CE), and AP was carried out with lysates from U937 cells that had been reseeded for 48 h on each of the five surfaces (Figure 2A) . The graph depicting the quantification of the immunoblots is shown in Figure  2B , and the data are presented as a ratio comparing the same molecular weight bands present in cell lysates on each surface on the same blot. The intensity was related to TCPS on the same blot in order to account for gelto-gel variability. In agreement with the esterase activity assays, it was the lysates from the cells adherent to TCPS that contained the most MSE and CE protein when compared with the other four surfaces. Quantification of the MSE immunoblots revealed a 2.5-fold increase in intracellular MSE from cells reseeded on TCPS compared with PDMS ( Figure 2B ). Cells on the nondegradable PDMS had more AP protein than the other four surfaces (Figure 2B ), following the same trend as released AP activity ( Figure 1B) . In contrast, TCPS had the least AP protein ( Figure 2B) .
The enzyme activities and protein levels (MSE, CE, and AP) chosen to assess the activation of U937 cells on the five different material surfaces have been implicated in a variety of pathological conditions that may involve the foreign body reaction. MSE has been shown to increase in leukemias (17) or be deficient in other malignancies, as well as autoimmune diseases (18) . Esterase activities have been induced in MDM undergoing different stresses and have proven to be markers of macrophage activation that may lead to material degradation (9, 10) . Specifically, CE and MSE are two candidate hydrolytic enzymes present in MDM that are able to degrade polyurethanes (10, 19) . It was found that the most degradable PCNU, HDI431, induced the greatest MSE and CE synthesis from MDM (10) . Previous studies have shown MSE and CE to be differentially expressed in MDM depending on stimuli such as material surface chemistry (10) or mechanical strain (14, 20, 21) . In the current work, it was the nondegradable material, TCPS, that induced the highest level of both released and intracellular esterase activity (Figure 1) , as well as the greatest amount of esterase protein in the cells adherent to TCPS ( Figure  2 ). These data support the theory that TCPS is an activating surface.
In a previous study, the stress of both uniaxial and biaxial mechanical strain of a PDMS membrane seeded with U937 cells increased the release of AP activity compared with unstrained cells (20, 21) . In order to assess if PDMS without strain was an activating surface compared with TCPS and PCNUs, the same parameters were measured. The AP activity results indicate that the sum of AP is greater from cells on PDMS, which could be explained by an increase in protein synthesis, another marker of macrophage activation (3). Figure 3 demonstrates that although there was no detectable difference in any specific intracellular protein band, there was a significant increase in the release of specific newly synthesized proteins.
U937 cells on PDMS released 2-fold more of the newly synthesized 57-and 59-kDa proteins than cells on the other four surfaces ( Figure 3B ). It is possible that the cell achieves an intracellular steady state of AP, but continues to synthesize and release the protein in response to PDMS. AP is a lysosomal enzyme thought to be involved in the recruitment of monocytes to the site of inflammation and is known to be released from MDMs in response to cell activation during the macrophagemediated innate immune response (22) . These data indicate that PDMS is an activating surface.
It is likely that the variations in material chemistry may be stimulating a cellular response that either favors AP, an enzyme involved in innate immunity, or esterases, which are often linked to pathologies. As stated before, uniaxial and biaxial strain also caused differences in the response of 35 S-met for 1 h, and samples of conditioned media were analyzed by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)/silver staining (gel ii) and phosphorimaging (gel i).The de novo lysate protein was also visualized by phosphorimaging (gel iii). (B) The sum of the banding intensities of de novo proteins at 57 and 59 kDa in the conditioned media was quantified and expressed as a percentage (± sem) relative to TCPS, which was set at 100% (line). *, denotes a statistically significant increase over the four other surfaces (P < 0.001); HDI, hexane diisocyanate; MDI, 4,4′-methylene bis phenyl diisocyanate. 
these two enzymes. This was especially true of the released activities where biaxial strain caused no release of esterase and a 3.5-fold increase in AP activity, whereas uniaxial strain caused an almost 10-fold release of esterase activity with only a 2.5-fold release of AP, although both were significant relative to static conditions (14) . An additional explanation for the effect of both of these differences (type of strain and material chemistry) may be that these enzymes are located in different cell compartments, AP being lysosomal (22) and MSE being cytosolic (23) .
Conclusions
Although TCPS and PDMS may be widely used for in vitro cell culture and as control surfaces for biomaterial characterization, they should not be considered biologically inert. It may be essential to include a broad range of different surfaces in any study to allow for the unanticipated spectrum of cellular responses. It should not be assumed that TCPS and PDMS will provide a control or standard cell response.
